The multifractal properties of daily rainfall time series at the stations in Pearl River basin of China over periods of up to 45 years are examined using the universal multifractal approach based on the multiplicative cascade model and the multifractal detrended fluctuation analysis (MF-DFA). The results from these two kinds of multifractal analyses show that the daily rainfall time series in this basin have multifractal behavior in two different time scale ranges. It is found that the empirical multifractal moment function K(q) of the daily rainfall time series can be fitted very well by the universal mulitifractal model (UMM). The estimated values of the conservation parameter H from UMM for these daily rainfall data are close to zero indicating that they correspond to conserved fields. After removing the seasonal trend in the rainfall data, the estimated values of the exponent h(2) from MF-DFA indicate that the daily rainfall time series in Pearl River basin exhibit no long-term correlations. It is also found that K(2) and elevation series are negatively correlated. It shows a relationship between topography and rainfall variability.
Introduction
Rainfall is one of the most important variables studied because its non-homogenous behavior in event and intensity, leading to drought, water runoff and soil erosion with negative environmental and social consequences [1, 2] . Analysis and modelling of rainfall are significant research problems in applied hydro-meteorology [3] . Rainfall time series often exhibit strong variability in time and space.
Rainfall also exhibits scaling behavior in time and space (e.g. [3] [4] [5] [6] [7] ). There is thus a need to characterize and model rainfall variability at a range of scales which goes beyond the scales that can be directly resolved from observations [8] . Investigation of the existence of fractal behavior in rainfall processes has been an active area of research for many years [9] . Some recent experiments have shown that scale invariance, in time and space, does exist in rainfall fields [10] . Olsson et al. [11] investigated the rainfall time series by calculating the box and correlation dimensions via a monodimensional fractal approach (simple scaling). Their results indicate scaling but with different dimensions for different time aggregation periods. Hence the investigated rainfall time series display a multidimensional fractal behavior. Venugopal et al. [12] employed the wavelet-based multifractal analysis to reexamine the scaling structure of rainfall over time. Molnar and Burlando [13] used the exponent of correlation function, a multifractal parameter, to study the seasonal and spatial variabilities. Using 2-dimensional Fourier series analysis and spectral analysis, Boni et al. [14] proposed a methodology to study the estimated index factor for rainfall in mountainous regions.
During the past two decades, stochastic models of rainfall have increasingly exploited the property of multifractal scale invariance, resulting in multifractal models that are more advantageous over conventional models in rainfall representations [15] [16] [17] .
The multiplicative cascade model has been widely used to study the multifractal properties of the rainfall data (e.g. [2, [4] [5] [6] [7] [8] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] ). Schertzer and Lovejoy [4] showed that statistically scaled invariant processes are stable and converge to some universal attractor, and thus can be defined by a small number of relevant parameters, specifically three with the universal multifractal framework.
The simple multifractal analysis (MFA) is based upon the standard partition function multifractal formalism [30] , developed for the multifractal characterization of normalized, stationary measurements. Unfortunately, this standard formalism does not give correct results for non-stationary time series that are affected by trends or that cannot be normalized [31] . Thus, two generalizations of simple MFA were developed. One is the wavelet-based MFA which has been used to study rainfall data (e.g. [12] ). Another generalization is the multifractal detrended fluctuation analysis (MF-DFA) [31] which is an extension of the standard detrended fluctuation analysis (DFA) introduced by Peng et al. [32, 33] . DFA can be employed to detect long-range correlations in stationary and noisy nonstationary time series. It intends to avoid the unravelling of spurious correlations in time series. The DFA method has been successfully applied to problems in fields such as DNA and protein sequences (e.g. [32, 34, 35] ) and hydrology (e.g. [36] [37] [38] [39] [40] ). The MF-DFA is a modified version of DFA for the detection of multifractal properties of time series. It renders a reliable multifractal characterization of nonstationary time series encountered in phenomena such as those in geophysics [31, 37, 38, [41] [42] [43] [44] [45] [46] . The MF-DFA has also been successfully applied to problems in hydrology (e.g. [37] [38] [39] ). The relationship between topography and rainfall variability is a very important issue in the study of rainfall.
Our work in this paper focuses on the multifractal properties of daily rainfall time series and possible relationships between the multifractal exponents and landscape properties. We use the universal multifractal model (UMM) proposed by Schertzer and Lovejoy [4] to fit the multifractal moment function K(q) of the rainfall data and propose a method to estimate the parameters. We also adopt the MF-DFA approach to detect the correlation and multifractal properties of daily rainfall data in this paper.
As the largest watershed in South China, the Pearl River (Zhujiang in Chinese) delta is a composite drainage basin with a total area of 45.4×10 4 km 2 , consisting of three major rivers (i.e., West River, North River, and East River) and several independent rivers in the downstream and delta regions (see Figure 1) . The Asian monsoon and moisture transport are the important influencing factors on precipitation patterns in this region. Given its large size and dominance of a sub-tropical humid monsoon climate, the Pearl River basin is under the influence of rainfall variability which is a highly complicated process in space and time. Zhang et al. [47] reported an increased high-intensity rainfall over the basin in conjunction with the decreased rainy days and low-intensity rainfall. It was also found that the abrupt changes of the precipitation totals (for annual, winter, and summer precipitation) occurred in the late 1970s, 1980s, and early 1990s, and the precipitation intensity basically increased after the change points [47, 48] . In this paper, we study the daily rainfall data Let T (t) be a positive stationary stochastic process at a bounded interval of R, assumed to be the unit interval (0, 1) for simplicity, with E(T (t)) = 1 (For a time series
The smoothing of T (t) at scale r > 0 is defined as T r (t) = 
If we consider smoothing at discrete scales r j , j = 1, 2, · · ·, then from Eq. (1), the empirical K(q) function (denoted as K d (q)) for the data can be obtained by
Hence the empirical K(q) function K d (q) can be estimated from the slopes of E(X q r ) against the scale ratio 1/r in a log-log plane. In this paper, we adopt Eq. (2) to obtain K d (q) of our rainfall data. If the curve K d (q) versus q is a straight line, the data set is monofractal. However, if this curve is convex, the data set is multifractal [30] .
The universal multifractal model (UMM) proposed by Schertzer and Lovejoy [4] assumes that the generator of multifractals was a random variable with an exponentiated extremal Lévy distribution.
Thus, the theoretical scaling exponent function K(q) for the moments q ≥ 0 of a cascade process is obtained according to [4, 18, 28, 29] :
in which the most significant parameter α ∈ [0, 2] is the Lévy index, which indicates the degree of multifractality (i.e. the deviation from monofractality).
of the support (d = 1 in our case), describes the sparseness or inhomogeneity of the mean of the process [28] . The parameter H is called the non-conservation parameter since H = 0 implies that the ensemble average statistics depend on the scale, while H = 0 is a quantitative statement of ensemble average conservation across the scales (e.g., [29] ).
Although the double trace moment (DTM) technique [50, 51] has been widely used to estimate the parameters H, C 1 and α in geophysical research, it is complicated and the goodness of fit of the empirical K(q) functions depends on that of exponent β of the power spectrum, and sometimes the fitting of K(q) is not satisfactory (e.g., [19, 28, 29] ). In this paper, we adopt a method in [52] and is similar to that proposed in [49] . If we denote
we estimate the parameters by solving the least-squares optimization problem [52] min
In our analysis, we take q j = j/3 for j = 1, 2, ..., 30.
Multifractal detrended fluctuation analysis
We outline the MF-DFA procedure used here according to the procedure described in [31] .
Suppose that x k is a series of length N . First we determine the 'profile' , where q = 0.
Finally we determine the scaling behavior
of the fluctuation functions by analyzing the log-log plot of F q (s) versus s for each value of q. The exponent h(q) is commonly referred to as the generalized Hurst exponent. The MF-DFA is suitable for both stationary and nonstationary time series [31] . We denoteH the Hurst exponent of time series. The range 0.5 < H < 1 indicates long memory or persistence; and the range 0 < H < 0.5
indicates short memory or anti-persistence. For uncorrelated series, the scaling exponent H is equal to 0.5. Assuming the setting of fractional Brownian motion, Movahed et al. [53] proved the relation H = h(2) − 1 between H and the exponent h(2) for small scales. In the case of fractional Gaussian noise, it was shown that h(2) = H [53] . Hence we can use the value of H calculated from h(2) to detect the nature of memory in time series under the assumption of fractional Gaussian noise or fractional Brownian motion.
In the case of a power law, the power spectrum S(f ) is related to the frequency f by S(f ) ∝
(1/f ) β . The exponents h(2) and β are related to each other by the equation h(2) = (1+β)/2 [36, 54] .
As pointed out by Lovejoy et al. [26] , the relationship between mass exponent τ (q), which is based upon the standard partition function multifractal formalism [30] , and K(q) is
for 1-dimensional data. For a conservative process, Koscielny-Bunde et al. [39] pointed out the relationship between h(q) and K(q) as
By combining Eqs. (6) and (7), we get [55] 
Results and discussion
In this study, we apply the above methods to examine the multifractal properties of daily rainfall (4)) and obtain the estimates of parameters H, α and C1 (we set 0.5, 0.5, 0.5 as the initial values of these three parameters, respectively). The estimated values of parameter α for stations in the Pearl River basin are given in Table 1 . We found that the theoretical K(q) curves based on the UMM fit exceedingly well the empirical K(q) curves of the rainfall data in all stations. We plot two fitted theoretical K(q) curves in Figure 4 (the continuous lines) as illustrations. daily rainfall is not too sparse [18] , which can be compared with previously published results [19, 23] .
Second, we employed the MF-DFA to analyze the rainfall data. There are usually seasonal variations in rainfall data. In order to get the long term correlations correctly, the data need to be deseasonalized before we can perform the MF-DFA [39, 40, [56] [57] [58] . In this paper, the deseasonalized rainfall z i (i = 1, 2, · · · , N , N is the total number of data points) are obtained by subtracting the mean daily rainfall x i from the original rainfall x i and normalized by variance at each calendar date [40, [56] [57] [58] , i.e.,
The deseasonalized rainfall was analyzed with MF-DFA. Here we calculated h(q) over the scale range of 10 to 87 days for all values of q because the log-log plot of F q (s) versus s for each value of q in this time scale range becomes linear. An example for obtaining the empirical h(q) curve is given in Figure 5 . The empirical h(q) curves of the rainfall data in two stations are shown in Figure   6 as examples. We observed that all the empirical h(q) curves of the rainfall data in all stations we considered are not straight lines (i.e. are convex lines) like those in Figure 6 . This suggests that all daily rainfall time series have multifractal behavior in the time scale range from 10 to 87 days. Usually the value of ∆h(q) (defined as max{h(q)} − max{h(q)}) is used to characterize the multifractality of time series. The estimated values of h(1), h(2) and ∆h(q) for stations in Pearl
River basin are given in Table 1 . From Table 1 , we find that h (2) precipitations are mainly uncorrelated reported in [38] .
It is also interesting to test the relationship between K(2) and h(2) given by Eq. (7), i.e. whether
The estimated values of K ′ (2) for stations in Pearl River basin are given in Table 1 . From Table 1 , we find that K ′ (2) ∈ [0.1960, 0.5300] with mean value 0.2980 ± 0.0728 for stations in Pearl River basin. We find from Table 1 that the values of K ′ (2) are quite different from those of K (2), this because that they are estimated for different time scale ranges.
Last, we want to see whether the parameters from these MFAs of daily rainfall can reflect some spatial or geographical characteristics of the stations in Pearl River basin. In other words, we would like to explore the spatial dimension of rainfall variability in the basin. In particular, we are interested in finding out whether rainfall variations over time are related to, for example, the topography of the basin. A scrutiny of the parameters H, α and
curves, and h(2) from MF-DFA show that there exhibit some correlations between rainfall regime and basin characteristics such as topography. In fact, we found that the parameter K(2), which is
, of the daily rainfall data reflects some spatial and geographical features of the stations in the basin. First, K(2) and elevation series are negatively correlated. The value of the correlation coefficient between K(2) and elevation is up to -0.4995 in the Pearl River basin as shown in Figure 7 . The possible trend is that the higher the elevation at which a station is located, the smaller the value of K(2) becomes and the closer it is to 0.0 (so also the larger the value of D(2) becomes and the closer it is to 1.0). According to the elevation, we can divide the stations into three groups (Group 1 with elevation higher than 1000m, the wavelet analysis on the monthly precipitation data in Pearl River basin, Niu [59] recently found that, apart from the high variability for the less than 1-year period, the high wavelet power in the dominant band (0.84-4.8 years) for the first and second modes (especially for northwest part and east part of Pearl River basin) reflects long-term precipitation variability. Niu [59] explained that the northwest region has the highest altitudes, and therefore it is influenced by the topographic rain shadow with respect to the prevailing storm tracks; while the east region is close to the South China Sea which is subjected to convective movement of water by semitropical hurricanes and typhoons.
Conclusion
Multifractal analysis is a useful method to characterize the heterogeneity of both theoretical and experimental fractal patterns. As a regional case study, numerical results obtained from the universal multifractal approach and MF-DFA on the daily rainfall data in Pearl River basin show that these time series have multifractal behavior in two different time scale ranges. It is found that the empirical K(q) curves of the daily rainfall time series can be fitted very well by the UMM. The estimated values of H for these daily rainfall data are close to zero, indicating a correspondence to the conserved fields.
After removing the seasonal trend in the rainfall data, the estimated values of h(2) indicate that the daily rainfall time series in Pearl River basin exhibit no long-term correlations.
It is found that K(2) and elevation series are negatively correlated. It shows a relationship between topography and rainfall variability. value of the rainfall time series for the Pearl River basin.
